Abstract. Macrophage migration inhibitory factor (MIF) is a pleiotropic inflammatory cytokine involved in many cellular processes and in particular carcinogenesis. Here, we review the experimental and clinical published data on MIF and its pathways in breast cancer. Experimental data show that MIF is overexpressed in breast cancer cells (BCC) due, at least partly, to its stabilization by HSP90 and upregulation by HIF-1α. MIF interacts with its main receptor CD74 and its co-receptor CXCR-4, both overexpressed, promoting cell survival by PI3K/Akt activation, a possible link with EGFR and HER2 pathways and inhibition of autophagy. Besides these auto-and paracrine effects on BCC, MIF interacts with BCC microenvironment by several mechanisms: immunomodulation by increasing the prevalence of immune suppressive cells, neo-angiogenesis by its link to HIF-1, and finally BCC transendothelial migration. Clinical studies show higher levels of MIF in breast cancer patients serum compared to healthy volunteers but without obvious clinical significance. In breast cancer tissue, MIF and CD74 are overexpressed in the cancer cells and in the stroma but correlations with classical prognostic factors or survival are elusive. However, an inverse correlation with the tumor size for stromal MIF and a positive correlation with the triple receptor negative tumor status for stromal CD74 seem to be showed. This set of experimental and clinical data shows the involvement of MIF pathways in breast carcinogenesis. Several anti-MIF targeted strategies are being explored in therapeutic goals and should merit further investigations.
Introduction
Breast cancer (BC) is the most frequently occurring malignant disease among women worldwide, accounting for nearly one fourth of the total new cancer cases (1) . Despite marked progress in therapeutic strategies advanced BC remains a deadly disease, prompting efforts to advance our understanding of BC biology, with the aim of developing innovative approaches. Substantial research has been, and are conducted in the field of cross-talk between cancer cells and their microenvironment (2) . Several tumor cell and stromal cell-derived factors have been identified and involved in these complex interactions, among them the macrophage migration inhibitory factor (MIF) (3) . MIF is an evolutionarily highly conserved pleiotropic chemokine identified in 1966 by Bloom and Bennett as a protein secreted by T cells and inhibiting the migration of macrophages. Subsequently, it was shown that this chemokine is not only secreted by lymphocytes but also by other immune cells such as macrophages and non-immune cells such as endothelial and epithelial cells (4) . In 1994, Paralkar and Wistow described the MIF gene, which is a small gene of <1 Kb, localized on chromosome 22. MIF is a protein of 115 amino acids, with a molecular weight of 12.5 kDa, in which the active form is a trimer (5) . MIF has an enzymatic activity called tautomerase, situated within an N-terminal proline (Pro1), which catalyzed the tautomerization of p-hydroxyphenylpyruvate and D-dopachrome. Although, highly conserved this enzymatic activity has no natural substrate identified and its contribution to MIF biological properties is uncertain (6) . MIF is stored in the intracellular compartment and released upon stimulation via unconventional pathway, where the Golgi-associated protein p115 could be involved (7) .
The discovery that MIF was released from corticotrophic pituitary cells and override the anti-inflammatory effects of corticoids suggested a pivotal role in inflammatory diseases.
Macrophage migration inhibitory factor involvement in breast cancer (Review)
Its involvement was later described in sepsis, autoimmune diseases such as rheumatoid arthritis and systemic lupus erythematous. It plays a master role in regulating the complex formation of atherogenesis and is elevated in serum of patients with metabolic syndrome (8, 9) . There is growing evidence that MIF is involved in carcinogenesis. MIF is often overexpressed in tissues and cancer cells. Indeed, Kindt et al (10) showed that MIF expression increased during the tumor progression of head and neck cancer but also in hepatocellular carcinoma (11) , ovarian cancer (12) and other malignancies (13, 14) . Currently, there is a general consensus that MIF promotes tumor growth by several mechanisms by acting on the cancer cells themselves but also on the neighboring or even distant cancerous and non-cancerous cells. MIF interacts with its receptor, CD74 to induce the activation of several pathways such as MAPK and PI3K/Akt. This interaction plays a role in cell proliferation via CD44 as describe by Shi et al (15) in 2006. MIF could also interact with CXCR4 to promote cell migration (16) . MIF inhibits induction of p53-dependent apoptosis, increases production of vascular endothelial growth factor (VEGF) and inhibits the antitumor immune response (4, 17) . In colorectal cancer cell lines MIF modulates the expression of cyclooxygenase-2 (COX-2), an important contributor to carcinogenesis (18) . In the C4-2b prostate cancer cell line, NS-398 a COX-2 inhibitor increases MIF expression by NF-κB transcription factor leading to a more aggressive cell differentiation (19) . In esophageal squamous cell carcinoma, aspirin and NS-398 significantly inhibit MIF expression (20) . Notably, elevated COX-2 expression in breast cancer is associated with a poor prognosis (21) and a meta-analysis of clinical studies suggests a slightly protective effect of COX-2 inhibitors against breast cancer (22) . Finally, MIF modulates metastatic behavior of tumor cells and affects tumor stromal cells in a complex manner (3, 23, 24) .
Here, we review the clinical and experimental published data on MIF in breast cancer and discuss the potential clinical implications.
MIF and breast cancer: experimental studies
MIF and its receptor complex CD74/CD44 and CXCR4. In 2009, Verjans et al (25) studied the expression of MIF in invasive and non-invasive breast cancer cell lines. Non-invasive ductal breast cancer cell lines (MDA-MB-468 and zR-75-1) showed an upregulation of MIF compared to benign epithelial breast cells (MCF-12A). Surprisingly, MIF was less expressed in invasive cells (MDA-MB-231). They observed no constitutive MIF release in non-cancerous MCF-12A cells contrary to the cancerous cell lines MDA-MB-468 and MDA-MB-231. They next studied the effect of exogenous rMIF on the secretion rate of endogenous MIF by cancerous and non-cancerous cells and showed an obvious upregulation, the most dramatic effect was seen in MDA-MB-231 cells, suggesting that MIF secretion could be influenced by auto-and paracrine MIF in the tumor microenvironment (25) . The mechanisms of MIF overexpression are not well known, but Schulz et al (26) suggested that one of them could be the result of MIF protein stabilization by the tumor-activated HSP90 chaperone complex. Moreover, MIF gene has been shown to be upregulated by hypoxia in human breast cancer cells MCF-7 (27) . However, Larsen et al (28) suggested that hypoxia MIF upregulation in MCF-7 is dependent on the cell genotype and that its secretion from hypoxic MCF-7 cells is regulated at the level of transcription independently of HIF. CD74, the main MIF receptor, is overexpressed, but not prominently, in invasive MDA-MB-231 cells, compared with non-cancerous MCF-12A cells (25) . CXCR-4, the receptor of chemokine CXCL-12, can also bind to MIF. Indeed, JNK activation occurred when MIF interacts with CXCR-4 in Jurkat T cells (29) . In breast cancer cell line, CXCR-4 expression is high in MDA-MB-231 aggressive cells and low in less aggressive MCF-7 cells (30) . These in vitro data confirmed the involvement of the MIF complex in the carcinogenesis of breast cancer. (31) showed on various breast cancer cell lines that the interaction of MIF with its membrane receptor CD74 induced activation of PI3K/Akt signaling pathway, promoting cell survival. They also found stronger MIF expression in breast cancer cell lines MCF-7 and zR 75-1 compared to normal breast cell line MCF-12A but also in MDA-MB-468 cancer cells. They correlated MIF expression to Akt phosphorylation ratio and studied the response of these cell lines to exogenous rMIF. Breast cancer cells are unresponsive to exogenous rMIF when the Akt pathway is maximally activated or functionally blocked and when endogenous MIF is already high (31). Verjans et al (25) have also showed that recombinant MIF stimulates the proliferation of non-invasive and invasive cancer cell lines. Moreover, Simpson et al (32) demonstrated that the depletion of MIF has no impact on the growth of cancer cells in vitro. Lim et al (33) studied the regulation of MIF by epidermal growth factor receptor (EGFR) in the MCF10AT model of breast cancer progression. After EGF stimulation the level of MIF expression decreased in normal breast mammary epithelial cells but increased in MCF10AT1k preneoplastic and MCF10CA1h low-grade breast cancer cells and was unchanged in high grade cancer cells. Inversely, the silencing of MIF decreased EGF-stimulated CA1h cell proliferation. Further to these results, they proposed a proliferative pathway linking EGFR stimulating MEK and finally MIF (33) .
MIF promotes cell proliferation. Lue et al

MIF and microenvironment modulation MIF as an immunomodulator.
In the 4T1 murine model of breast cancer, Simpson et al (32) showed that MIF promotes tumor growth and metastasis by increasing the prevalence of a highly immune suppressive subpopulation of myeloid-derived suppressor cells (MDSCs) within the tumor. These results are in line with the study of Drews-Elger et al (34) demonstrating that, in pre-clinical models, the systemic recruitment of S100A8 + myeloid cells (including MDSCs) is promoted by MIF among others tumor-derived factors, S100A8 being a pro-inflammatory mediator secreted by MDSC. In vitro, MIF knockdown does not alter the migration ability and growth rate of MDA-MB-231 cells but, in vivo, depletion of MIF decreased primary tumor growth and metastatic burden in the lungs, correlated with a reduction of the number of S100A8 + infiltrating cells. They suggested that MIF produced by the tumor promotes tumor progression by recruiting S100A8 + cells acting as potent immunosuppressors and driving invasion, migration and angiogenesis (34 (36) . They demonstrated that intracellular overexpression or extracellular administration of MIF enhances activation of HIF-1 under hypoxic conditions in MCF-7 cells, involving the CD74 receptor. (24) demonstrated in their study that peripheral blood plasma from breast cancer patients induced a higher transendothelial migration of MDA-MB-231 and MCF-7 cells than plasma from healthy volunteers. They also found significantly higher MDA-MB-231 cell proliferation. These results could be linked to the higher levels of MIF and others cytokines in peripheral blood plasma of breast cancer patients compared to the healthy volunteers.
MIF and migration. Martinez et al
MIF and autophagy.
Autophagy is a process that maintains cellular homeostasis under stress conditions. The microtubuleassociated protein 1 light chain 3 (LC3-II) is proportional to the number of autophagic vacuole formation and its expression level can be used to quantify autophagy. In their study, Wu et al (37) , demonstrated that the diminution of MIF expression by siRNA induce increase of LC3-II expression.
In the same study, they showed that SRC-3 (steroid receptor coactivator 3), an oncogene that favors drug resistance in cancer, targets MIF. Indeed, knockdown of SRC-3 in MCF-7 cells induces a decrease of MIF expression. This was reversed by exogenous recombinant MIF. They suggested that MIF could inhibit autophagy in breast cancer cells. (38) demonstrated that genetic MIF deletion protected from the development of breast cancer and led to extended survival, suggesting a link between HER2 status and MIF. ErbB2 cancers in MIF +/+ mice showed overexpression of MIF in malignant breast epithelium. Delayed tumor progression in MIF -/-ErbB2 mice seemed to be linked to slower tumor growth with decreased proliferation as showed by lower Ki-67 staining. They later showed that specific inhibition of HER2 signaling in HER2 overexpressing breast cancer cells reduces MIF levels by abolishing its stabilization. Indeed, overexpressed HER2 activates HSF1 (heat-shock factor1), transcriptional regulator of HSP90 which stabilizes MIF (26) . (37) showed that autophagic cell death induced by MIF knockdown increased the chemosensitivity of breast cancer cells to doxorubicin, apoptosis being not affected. The aza derivatives of resveratrol, a natural phytoalexin, showed anti-proliferative effect in the MCF-7 cell line and inhibits the MIF tautomerase activity (39) . It was also shown to reverse partially the paclitaxel resistance in MDA-MB-231/PacR cell lines (40) .
MIF and HER2. In ErbB2 transgenic model of human HER2-positive breast cancer mice, Schultz et al
MIF and drug resistance. Wu et al
Based on these data, we suggest a schematic model of MIF involvement in breast cancer cells (Fig. 1) . 
MIF and breast cancer: clinical studies
MIF serum levels in human breast cancer patients. Five studies evaluated MIF serum levels in breast cancer patients (BCP) compared to healthy volunteers (HV): all showed significant increased levels in BCP (24, 35, (41) (42) (43) . Our data are showed in Fig. 2 (42) . using a set of serum proteins, two others studies found a non-diagnostic MIF serum elevation in BCP (44, 45) . Correlations with invasive tumor characteristics and patients prognostic are poorly documented: Bando et al (27) found no significant correlation with MIF intratumoral levels and clinico-pathological factors but a significant inverse correlation with nodal status. In the study of Fersching et al (43) pre-therapeutic levels of MIF tended to be higher in nonresponsive patients undergoing preoperative chemotherapy. No data are available concerning MIF serum levels and tumor recurrence. These sets of data suggest that the increased serum level of MIF in BCP could be a non-specific signature of a systemic response to breast cancer.
MIF and CD74 expression in breast cancer tissue. MIF expression in breast cancer tissue has been evaluated in five studies, using immunohistochemical techniques in four, with different scoring scales, and western blot analysis and RT-PCR in one (25, 35, 41, 42, 46 ). All found a high level of MIF expression in the tumor tissue. Xu et al (35) showed higher microvessels density in tumors with higher MIF expression. Correlations with classical tumor characteristics are elusive (Table I) . MIF expression level was evaluated in glandular compartment only except in our study where we have evaluated stromal and glandular compartments separately. Bando et al (41) found an inverse correlation with nodal involvement, Verjans et al (25) a positive correlation with progesterone and estrogen receptor expression. A negative correlation between MIF expression and tumor size was shown by Verjans. MIF expression significantly correlated with HER-2 for Xu et al (35) . Choi et al (46) confirmed this result in a study evaluating the expression of a set of proteins in invasive breast cancer. These observations could be put in perspective with the experimental data describe earlier (MIF and HER2).
Our study is the only one evaluating the expression of MIF and its receptor CD74 on the same breast cancer biopsies and normal breast tissue (42) . MIF tissue expression, quantified by a modified Allred score, was strongly increased in carcinoma compared to tumor-free specimens, in the cancer cells and in the peritumoral stroma, with fibroblasts the most intensely stained (Fig. 3) . We did not find any significant correlation with histoprognostic factors, except for a significant inverse correlation between tumor size and MIF stromal positivity. These findings have to be put in perspective with the hypothesis that MIF could modulate the tumor size by inhibiting recruitment of cancer-associated fibroblasts (CAFs)/myofibroblasts (23) and several recent publications underscoring the pivotal role of CAFs in tumor progression (3, 47, 48, 49) . CD74 staining was heterogeneous and significantly decreased in cancer cells but increased in the surrounding stroma, namely in lymphocytes, macrophages and vessel endothelium. There was no significant variation according to classical histoprognostic factors, except that CD74 stromal expression was significantly correlated with triple-negative receptor (TRN) status and the absence of estrogen receptors (42) . This finding could be compared with the growing importance of evaluating stromal lymphocytes infiltration of the TRN tumor (50) .
Only Xu et al (25) and Verjans et al (35) have reported data concerning MIF expression levels and patients prognosis. The results are discordant with positive MIF expression correlating with worse disease-free survival for Xu et al, but a better overall and recurrence-free survival for Verjans et al. However, MIF scoring scales and cut-off for positivity were not the same. These data show an increased expression of MIF in breast cancer tissue and suggest that this cytokine contribute to shape and modulate the tumor aggressivity.
We did not find any published data concerning MIF and CD74 expression in non-invasive breast cancer tissue.
Conclusions and perspectives
MIF is a pleiotropic chemokine involved in carcinogenesis. Experimental and clinical studies suggest that MIF could have a multi-functional role in human breast cancer. Firstly, MIF has auto-and paracrine effects on cancer cells promoting proliferation, migration and inhibiting autophagy and apoptosis. Secondly, MIF contributes to shape the immune and non-immune tumor microenvironment leading to immunomodulation and angiogenesis promoting cancer cells growth, invasion and metastases. Thirdly, MIF acts systemically leading to metabolic disturbances such as metabolic syndrome and negative immune implications promoting tumor growth and metastases development. Even if many questions remain unresolved regarding the mechanisms of cell modulation by MIF inside the primary or metastatic tumor, therapeutic targeting of this cytokine could provide clinical benefits. Several experimental data have been published exploring MIF pathway inhibition. HSP90 stabilizes MIF and its pharmacologic inhibition by 17-N-allylamino-17-demethoxygeldanamycin (17-AAG, Tanespimycin) or suberoylanilide-hydroxamic-acid (SAHA, vorinostat) destabilizes MIF protein leading to death of human breast cancer cells lines. This is reversed by excess ectopic MIF. In an ErbB2 transgenic model of human HER2-positive breast cancer, systemic administration of 17AAG reduces MIF expression and inhibits growth of MIF-expressing, but not MIF-deficient tumors (40) . Ganetespib, an HSP90 inhibitor has been recently tested with success in metastatic HER2 breast cancer in combination with paclitaxel (51) . Part of the activity of these molecules could be linked to MIF inactivation. Human anti-MIF antibodies, low molecular weight inhibitors of the tautomerase activity of MIF protein, blocking agents of MIF receptors have been tested in diverse human cancer cell lines with some positive results but we did not find any specific breast cancer data. A phase I trial with anti-MIF antibody is being tested in advanced solid tumor (52) . Anti-CD74 strategy with milatuzumab has been success- fully investigated in hematologic malignancies (53) . MIF being a potent endogenous mediator of COX-2 expression and this enzyme being linked to breast cancer progression, anti COX-2 molecules could be tested as indirect anti-MIF strategies (21, 54) . using a highly metastatic syngenic murine C3L5 breast cancer model, Majunder et al (55) showed that indomethacin, a COX-1/COX-2 inhibitor inhibited cell proliferation and migration. In vitro, celecoxib, a COX-2 inhibitor reduced tumor growth and spontaneous lung and lymph node metastases. However published data on the impact of COX-2 inhibition on MIF expression and its biological consequences are lacking in breast cancer cells.
In conclusions, MIF pathway is obviously involved in the breast cancer biology and interfering with it remains an attractive but complex challenge.
